Abstract -Hourly weight data, from 4 honey bee hives placed on balances linked to dataloggers, were divided into two independent parts: (1) daily running average and (2) detrended weights, obtained by subtracting the running average from raw data. Weekly changes in running average weights, WCRAW, were correlated with food store changes but not adult or brood weights. Detrended weights showed daily fluctuation due to water and foraging bee movement and were modeled using sine curves, which fit all weekly subsets. Adult and brood populations, measured independently, were expressed as colony consumption rates via published per capita rates, and those consumption rates were correlated with sine amplitudes. Amplitudes were more sensitive to hive activity than WCRAW and unlike WCRAW detected high activity when foraging success was masked by high consumption Estimating food store changes with WCRAW and colony consumption with amplitudes reveals hive growth and activity without disturbing bees.
INTRODUCTION
Data on the changes over time in the main biological components of honey bee colonies, i.e. adult and brood populations and food stores, are used by researchers to monitor hive health and to study behavior and population dynamics. Weighing hives daily or weekly is done by bee keepers and bee researchers (e.g., Harbo, 1993b; McLellan, 1977; Savary, 2006; Szabo and Lefkovitch, 1991) to help determine the best time to harvest honey or estimate food reserves for periods with no nectar flow. Weighing is fast, requires little training and is not disruptive to the colony so it can be done at any time of year. Weighing hives regularly, often, and with relatively high precision largely to bee activity. Buchmann and Thoenes (1990) observed this variation, but did not analyze it quantitatively. Meikle et al. (2006) fit sine curves to the detrended data. Here we used hive weight data gathered over 17 months to explore the relationship of the sine curve parameters to information on colony growth and activity. Weight data collected continuously were summarized and compared to hive inspection data gathered about every 2 weeks. Regression equations calculated from 2005 data were used to estimate colony measurements for 2006 and those estimates were compared to observed 2006 data.
METHODS AND MATERIALS

Field setup
Four honey bee colonies, two established in March 2004 (hives 1 and 2), and two in May 2005 (hives 3 and 4), were maintained in painted, 10-frame, wooden Dadant brood boxes (56 L capacity) (Ickowicz, Bollène, France). The hives were 0.5-2 m apart and were covered with telescoping lids with a weight on top to stabilize the hive in wind. Permanent water sources existed <1 km away. The hives were each placed on top of two short wooden planks resting on stainless steel electronic balances (TEKFA model B-2418, Galten, Denmark) . The balances had a maximum capacity of 100 kg, a precision of ± 10 g and operating temperature range of −30
• C to 70
• C. The balances were linked to 12-bit dataloggers (Hobo U-12 External Channel datalogger, Onset Computer Corporation, Bourne, MA, USA) and powered by a solar panel (BP Solar model 1230, Mimeure, France) as described in Meikle et al. (2006) . The weighing system had an overall precision of about ±30 g. On 26 May 2005 new queens (Ickowicz, Bollène, France) were installed in colonies in hives 1 and 2, and new colonies, comprising a queen and 1 kg of adult bees, were installed in hives 3 and 4. Hives were given syrup as needed at the end of May and early June 2005. Average adult bee weight was estimated in September 2005 by shaking bees clinging to brood box frames from hives 1 and 2 into plastic boxes, placing the boxes in a freezer for 24 h, counting the bees and weighing them individually on an electronic balance (Sauter model AR 1014, Albstadt Ebingen, Switzerland) with a precision of ± 0.001 g. In September 2005, the hives were used to evaluate an application of entomopathogenic fungi on Varroa destructor fall and on hive health; no effects were observed on the hive weight or the weight of any colony component either among treated hives (2 and 3) or untreated hives (1 and 4) (Meikle et al., 2007) . Rainfall was measured using a remote weather station (Hobo Micro Station, Onset Computer Corporation, Bourne, MA, USA).
Hive components
On 31 March, 10 May, 7 June 2005 and about every two weeks thereafter until 25 October 2005, the super and each brood box frame of each hive was weighed separately on a portable electronic balance (Kern & Sohn model 12K 1N, Balingen, Germany) after shaking off the bees. Digital photographs were taken of each side of each frame using a 3.3 megapixel digital camera (Coolpix 990, Nikon France S.A., Champigny sur Marne, France), and the area of sealed brood and sealed honey per frame was estimated using ArcView 3.0 software (Environmental Systems Research Institute, Redlands, CA, USA). This weighing and photography procedure was conducted again for hives 2 and 4 on 11 April 2006 and every two weeks thereafter until 21 June.
Weights of brood and food stores were estimated from these data using the technique described by Meikle et al. (2006) . Observed hive weight was divided into a "non-colony" component, consisting of hive support, e.g., brood box, lids, super, hive base, and 10 empty frames with only foundation comb, and the "colony" component, consisting of adult bees, brood, honey, pollen and wax (other than foundation comb). A brood box frame weight had 3 parts: (1) the wooden frame plus foundation comb; (2) the wax needed to build the honeycomb; and (3) the brood, honey and pollen in the cells. The wooden frame plus foundation comb was estimated by averaging the weight of 22 frames using an electronic balance (Sauter model 4021, Albstadt Ebingen, Switzerland), and the weight of a builtup but empty frame of honeycomb was estimated by weighing 10 frames entirely covered with empty honey comb, all of which were less than 1 year old. The weight of a frame taken directly from a hive was referred to as the observed frame weight.
Non-colony hive weight was calculated as the total weight of all hive components, with ten brood box frames plus foundation comb, and was determined for each hive at the start of the study. Colony weight was calculated as the difference between that weight and the observed total hive weight. Adult bee population weight, a component of colony weight, was calculated as the difference between the total hive weight and the sum of the weights of all colony and non-colony components after being shaken free of bees. Brood weight per frame was calculated by first estimating brood weight and surface area from brood frames without honey or pollen stores, converting those values to density using linear regression (SigmaPlot 2004, Systat, Inc.) , and then using that density to estimate brood weight in frames that had both brood and food stores. After calculating brood weight for a given frame, food weight was estimated by subtraction.
Datalogger output
Hive weights were recorded hourly from June 2004 to July 2006. Weight data divided into two components: long-term changes represented by the 25-hour running average weight; and shortterm changes represented by the hourly detrended weight. The 25-hour running average weight was calculated by averaging, for each hour, the observed colony weight over a period encompassing the preceding 12 hours, the hour in question, and the following 12 hours (for a total of 25 hours). Hourly detrended weight was calculated by subtracting the running average weight for a given hour from the raw data for that hour. This method separates shortterm ( 25 hours) weight changes, such as those due to daily bee activity, from long-term (>25 hours) changes, such as those due to food collection. The Weekly Change in the Running Average Weight (WCRAW) was calculated for each day by averaging the 25-hour running average for 7 days starting 3 days before that day and ending 3 days after that day, and then subtracting the corresponding value for the day one week previous.
WCRAW data were evaluated with respect to daily weight changes in capped brood, the adult population and food stores as measured during the 11 inspections conducted in 2005, starting 11 May. The daily weight change for each colony component of each hive was calculated by subtracting the weight measured during a given inspection from that of the following inspection and then dividing by the number of days between the two inspections. Thus, the 11 inspections yielded 10 values per hive; component values were averaged across replicate hives within date. WCRAW values were averaged over the same time period and across replicates, then divided by 7 for a daily rate. Component weight changes were regressed on daily WCRAW and those relationships were validated using 2006 data.
To model the hourly detrended weights, a sine function,
was fit to the data, where a is the amplitude, b is the period and c is the phase (phase was not considered further). The data subset for a given day included a total of 168 hours, starting at 1:00 AM three days before that day until midnight three days after that day. Thus, the curve fit for a given day represented the best fit for the week in which that day was the middle day. Because these curves were fit to detrended data and WCRAW is calculated from the running average, they are mathematically independent. Changes in food store weights represent the difference between food collection (total foraging effort) and food use (total colony consumption). Colony consumption rate was defined as the amount of food needed for brood and adults. Harbo (1993a) calculated that 163 mg of honey are used to produce each worker bee until the cell is capped, and that daily consumption by an adult bee is about 5.3 mg. Total daily consumption by the colony, C obs , was therefore calculated as:
where Ad and Br are the observed total adult bee weights and total brood weights (g), respectively, and W Ad and W Br are the average per capita weights (g) of adult bees and brood, respectively. We assumed that the amount of food associated with a given capped cell would have been largely invested during in the two weeks before being photographed. This procedure ignored uncapped brood. Adult consumption rate can be expected to vary with the amount of work they do, so this estimate should be considered rough. In these analyses we assumed that water inflow, in the form of raw nectar and bee drinking, and outflow, due to evaporation and bee respiration, were roughly equivalent so water movement was ignored, but this aspect needs further work. Daily food weight change and consumption rates for each store were regressed on average amplitude for the two weeks before each hive inspection. The two main differences between the WCRAW analysis and this one were that (1) the WCRAW analysis use brood and adult weight changes as dependent variables whereas the amplitude analysis used consumption rates; and (2) because amplitude was considered a function of bee movement, data gathered between 10 May and 7 June 2005, when hive 1 swarmed and hive 2 lost its queen, were excluded, as was data for hive 1 from 28 September 2005 onward when no worker brood were present. Regression equations from 2005 were validated using data from 2006.
RESULTS
Hive components
Fourteen frame photos from 8 sampling occasions showed capped brood without appreciable food stores and were used to estimate brood weight per cm 2 . In cases where the same frame was photographed more than once, most or all of the brood would have emerged in the two weeks between photos (Winston, 1992 ) so these samples were considered independent. The average (s.d.) weight of wooden frame plus foundation comb was 287 (24) g and average built-up frame weight was 492 (54) g. Estimated brood weight was regressed on capped brood surface area (adj. r 2 = 0.75, F 1,13 = 39.75, P < 0.0001); the line had a slope of 0.60 and an intercept of 100 g. To calculate a predictive equation the line was forced through the origin. The slope, 0.72 g per cm 2 (t = 24.82, P < 0.0001) represented the estimated capped brood density and was used to calculate brood weight for all frames containing both brood and food stores. The difference between the brood weight and the total observed weight for a given frame was attributed to food stores. A capped brood density of 0.72 g per cm 2 means, at 4.2 cells per cm 2 (that of foundation comb purchased from Ickowicz, Bollène, France and similar to that reported by Harbo, 1988) , average brood weight, W Br , was about 0.17 g. Average adult weight, W ad , was 0.128 (0.024) g (N = 309); weight was not corrected for honey in the bee crops, so it should be considered an upper bound. Harbo (1993a) reported a somewhat different W Br (0.13 g) and W ad (0.115 g), but accurate weights would require repeated measurements throughout the season (Dietz, 1992) . All hives had mite infestations and we assumed the impact of the infestations was equal among hives.
The adult population, brood, and food store weight dynamics were broadly similar among hives (Fig. 1) and to published results (Savary, 2006) . By the end of May 2005, no queens were found in either hive 1 or 2 and they were requeened. Hive 1 lost its queen at the beginning of September 2005; within three weeks the weights of its adult bee population and food stores declined and capped brood weight dropped to zero (later brood were all drone). Hive 1 was combined with another hive in the apiary (not in the original experimental group) in November 2005. The younger hives, 3 and 4, had more adult bees at the last sampling at the end of October 2005 relative to hives 1 and 2.
Datalogger output -Running average
Running average colony weight showed hive growth from January 2005 to July 2006 (Fig. 2) . After continuous weight loss through winter, with occasional rainfall spikes, hives 1 and 2 started to gain weight in March 2005 and continued to do so into May. Hive 1 produced three swarms for a total weight loss of about 0.94 kg honey and 3.77 kg adult bees (Meikle et al., 2006) , assuming 20% of the swarm weight was due to honey in the bees' foregut (Harbo, 1993b) . Weight spikes due to rainfall were also observed; Meikle et al. (2006) found that on average rainfall-induced weight gain lasted <36 hours. Balances for hives 1 and 2 had technical problems linked to low sunlight at the end of October and into November. After March 2006 only hives 2 and 4 were monitored.
Daily changes in each colony component were separately regressed on WCRAW using hive averages within inspection date (Tab. I). Daily food weight changes in were strongly correlated with daily WCRAW (Fig. 3) . To evaluate whether the equation to estimate food stores using 2005 was robust, the 2006 Table I . Regression of bee colony component weights, measured directly every two weeks, on the weekly changes in the running average weight (WCRAW) and on detrended amplitudes. Food = daily change in hive food stores; Brood = daily change in total brood weight; Adult = daily change in total weight of adult bee population. 
Datalogger output -Detrended weights
Detrended data showed a clear daily pattern although the pattern strength varied considerably within short time periods. Patterns in July were strong, for example, owing largely to nectar flow, while those observed in August, with little rainfall or nectar flow, were much weaker (Fig. 4) . Swarming caused a large fluctuation in detrended weight followed by a reduced daily weight change because of the reduced bee population (Fig. 5) . Sine curves fit all 7-day subsets of detrended weight data for all colonies (N = 310 for hive 1; 324 for hive 2; and 205 each for hives 3 and 4). Curve periods were almost always between 22 and 26 h during nectar flows (see below) with average r 2 values varying from 0.41 to 0.46 (range 0.10-0.82). However, each hive had from 15 to 25 d for which the fitted curves had periods of less than 20 h; average r 2 values for those curves tended to be lower and varied from 0.16 to 0.18 (range 0.10-0.29).
Daily food weight change and consumption estimates were compared to daily amplitudes and WCRAW estimates for 2005 (Fig. 6 ) and 2006 (Fig. 7) . Daily changes in food weight were correlated with daily amplitude but this relationship was indirect, since weight changes that last >25 h are excluded from detrended data, and explained by the correlation between amplitudes and WCRAW (F 1,9 = 17.79, P = 0.0022, adj. r 2 = 0.63). Food weight changes observed in the 2006 data were correlated with the values estimated using the equation from 2005 (F 1,9 = 5.62, P = 0.045, slope = 0.242, adj. r 2 = 0.34), but as expected the relationship was poorer than that obtained using WCRAW.
Amplitudes were correlated with the colony consumption rate, C obs in 2005 (Fig. 8) and this relationship was evaluated using data from 2006. The estimated colony consumption rate, C est , calculated using the 2005 regression Fig. 7 ). At that time both hives had large amounts of adult bees and brood relative to 2005 data, with associated food demands, resulting in little gain in food stores and thus little change in WCRAW, despite a large foraging effort. In this way the consumption by the colony masked the foraging effort from the point of view of the running average, but not from that of detrended data. Between the last two measurements of bee populations and food stores on 7 and 21 June, detrended amplitudes decreased from their highs in both hives but the levels of both amplitudes and WCRAW indicated an ongoing nectar flow. Amplitudes usually detected increases in activity in advance of WCRAW.
Detrended amplitudes and WCRAW data were used together to calculate the estimated foraging effort, F est , for 2006, using the following relation: F est = C est +0.989×Wc, where Wc is the daily WCRAW for 2006 and the coefficient 0.989 obtained from the 2005 regression. F est was then regressed on the observed foraging effort for 2006, F obs , calculated as F obs = C obs + S , where S is the observed daily change in food stores. F est and F obs were strongly correlated with a slope close to one (F 1,9 = 26.13, P = 0.0009, slope = 1.01, adj. r 2 = 0.74).
The minimum amplitude with a positive daily change in food weight was about 90 g, so a nectar flow would reasonably be defined as a period of at least two weeks (ignoring gaps of 3 days or less) when the daily amplitude exceeded 90 g. Using this definition to identify 
DISCUSSION
Weighing honey bee hives hourly or more often, using dataloggers, yields data on hive growth and activity, provides precise information on timing and size of events such as swarming and unforeseen hive phenomena, and permits researchers to control for weight changes due to foraging and rainfall (Buchmann and Thoenes, 1990; Meikle et al., 2006) . Thoenes and Buchmann (1992) observed hive abandonment due to tracheal mite infestation and were able to compare that with swarming. Meikle et al. (2006) quantified weight changes due to swarming and precipitation. The goal of this work was to develop ways to better exploit such continuous weight data.
Hourly weight data were divided into the 25-hour running average and the hourly detrended weights. The running average showed colony weight changes that lasted longer than 25 hours, and the hourly detrended data showed weight changes only within 25-hours. The WCRAW data, calculated from the running average, were compared with changes in the weights of the adult and brood populations and food stores, and found strongly correlated with food store changes. That food weight changes constitute an important part of overall colony weight changes was not surprising; average food density was about 3 times than that of capped brood and thus were easy to measure. The average (s.e.) difference between minimum and maximum food weights per hive in 2005 was about 15.4 (0.6) kg, compared to 2.2 (0.4) kg for capped brood weight and 1.7 (0.1) kg for adult weight, and food weight represented on average about 76% of the colony weight throughout 2005.
Detrended data, the hive weight variation within each 25 hour period, has not previously been evaluated as a source of information on hive growth and activity. Sine curves fit to the detrended data, and the amplitude, daily cycle, and coefficient of determination of those curves were examined with respect to the hive population and food collection. Amplitudes represented only the within-day weight change, consisting of foraging bees and water from respiration, nectar collection, honey ripening, drinking and evaporative cooling (Buchmann and Thoenes, 1990; Gary, 1992) ; the within-day average of the detrended data is zero so those data do not show longer-term weight changes. Amplitudes changed markedly during the active season, with high values during nectar flows and low values between flows, reflecting hive activity. An non-swarming colony with high amplitudes can be assumed to be collecting food but whether food stores are increasing would depend on the difference between the colony requirements and the amount of food being collected. This difference between foraging effort and food store changes was particularly noticeable in the spring 2006 dataset and was not surprising since hive population growth is usually at or near the maximum in the spring (Winston, 1992; Gould and Gould, 1988) . If food needed for colony growth is being regularly replaced because of a nectar flow, the net quantity of stored food may change little if at all and the running average data might not directly detect either the population growth or the nectar flow. As shown in Figure 7 , a sharp increase in amplitude not accompanied by an increase in the running average would indicate a nectar flow combined with an increase in colony-wide consumption, likely due to increased bee population size.
As noted by Buchmann and Thoenes (1990) , the balance/datalogger combination can be a useful research tool for measuring colony activity, growth and reproduction. Using WCRAW and amplitude data together was shown here as a useful method for monitoring both changes in food stores and colony activity with a reasonable degree of confidence.
Further work on the impact of important within-colony events, such as queen loss or disease outbreak, on detrended and runningaverage weight data will enhance the utility of these balances for monitoring colonies. Rapid or unexpected changes in weight parameters could indicate treatment effects in field experiments. These analyses can be made more precise by incorporating other techniques. For example, by electronically counting the number of foragers, weight change due to foragers and that due to water inflow and outflow can be estimated. Combined with other approaches, weight data such as those presented here can provide a more complete picture of hive dynamics.
